Evidence is accumulating that CD4
Despite almost 2 decades of research, the immune responses required for robust human immunodeficiency virus (HIV) vaccine-induced immunity are only just beginning to be revealed (44) . In early studies with chimpanzees, protection from infection (10) and/or reduction of the virus load (13) correlated with the titer of neutralizing antibodies. Protection by neutralizing antibodies was limited to closely related HIV type 1 (HIV-1) strains (25, 54) . This relatively narrow protection could in part be overcome by passive administration of more broadly neutralizing monoclonal antibodies, as demonstrated in both chimpanzees (21, 47) and rhesus monkeys (6, 38, 39) . Our early HIV vaccine studies, which revealed the inverse correlation between the neutralizing antibody titer and the virus load, pointed to the role of CD4 ϩ T-helper (Th) and in particular antigen-specific interleukin-2 (IL-2) responses in protection (27, 62) . Evidence of the importance of CD4 ϩ T-cell responses in AIDS vaccine-induced immunity has been steadily accumulating (27) . The first experiments in rhesus monkey studies were performed with the use of single-antigen Env-based subunit protein vaccines (45) , and protection from simian/human immunodeficiency virus (SHIV; strain SHIV 89.6p ) challenge was subsequently shown (43) . Similarly, comparison of three different Env vaccine candidates revealed a correlation with a combination of potent Th1, as well as Th2, responses and vaccine efficacy (67) . A more complex HIV subunit vaccine candidate formulated in immune stimulating complexes (ISCOM) was more effective in generating both potent Th1 and Th2 responses and protection from intravenous (i.v.) challenge (29) . The importance of these observations is now further underscored by the specific demonstration that the spectrum of cytokines involved in CD4
ϩ Th responses determines the quality of memory CD8 ϩ cytotoxic T-lymphocyte (CTL) responses (12, 33, 34, 57, 61) . Furthermore, in the absence of protection from infection by neutralizing antibodies, it has been demonstrated that the CD8 ϩ CTL response to a specific simian immunodeficiency virus (SIV) or HIV epitope inversely correlates with the plasma virus load in the SHIV macaque model of AIDS (4, 7, 9, 56) . Indeed, it is likely that not only strong Th1-like gamma interferon (IFN-␥) and IL-2 antigen-specific responses are required to drive qualitative CD8 ϩ CTL effector responses capable of removing infected cells, but also potent Th2 responses are required to synergistically potentiate B-cell responses (28) . Our present data suggest that an effective HIV-1 vaccine should be formulated to induce a combination of potent Th1 and Th2 responses (27) capable of driving both potent antibody and CTL effector responses.
The majority of HIV vaccine strategies have focused on the structural antigens of HIV-1, in particular Env. With Envbased vaccines, protection from infection has been achieved but is limited to homologous virus challenge (10, 13, 24, 32, 45) . Vaccine-induced protection from heterologous virus challenge has proven to be much more difficult to achieve (43, 60) . More recently, HIV-1 vaccine strategies targeting regulatory antigens expressed early in viral replication, such as HIV-1 Tat, have been evaluated, with mixed results (26) . Vaccination with biologically active Tat or DNA encoding full-length Tat has been demonstrated to protect cynomolgus monkeys from AIDS (15, 16) . Similar results were obtained with Tat toxoid (50) and Tat-Rev (48) in rhesus monkeys. However, these results are debatable as studies in other settings have not shown protection after Tat vaccination (1, 59) . Rapid escape from Tat has been observed early in infection (2) , raising concerns about its use as a single-antigen-based HIV vaccine.
Previously, we suggested that future HIV vaccine strategies involving multiple antigens including both structural and regulatory antigens should be undertaken to increase the breadth of protection and limit vaccine escape (44) . Indeed, evidence that this approach is more effective has recently been demonstrated in that protection from heterologous SHIV challenge was only achieved in animals immunized with a combined multiantigen subunit protein vaccine containing the structural protein Env and the regulatory proteins Tat and Nef (40, 68) but not in animals immunized with the antigens separately. Other studies demonstrated improved protection from CD4 ϩ T-cell loss and AIDS in animals immunized with the combination Env-Gag-Pol, while other animals immunized with only Gag-Pol failed to control the virus following a challenge (3) .
To further extend our earlier studies with Env and Gag, we have included the regulatory protein Tat and specifically addressed the question of the quality of Th responses raised to a complex multiantigen vaccine and their potential role in HIV vaccine efficacy in the SHIV model.
MATERIALS AND METHODS

Animals.
Mature outbred rhesus monkeys (Macaca mulatta) of Indian origin bred in captivity were housed at the Biomedical Primate Research Center, Rijswijk, The Netherlands. The animals were negative for antibodies to simian T-cell-tropic virus type I, simian type D retrovirus, and herpesvirus B. During the course of the study, the animals were checked for appetite and general behavior, stool consistency, weight, and rectal temperature. If an animal suffered from opportunistic infections that were not responsive to treatment, had a body weight loss of Ͼ10%, or developed persistently low CD4 ϩ T-cell counts and heavy virus loads, then it was euthanized and a full pathologic examination was performed to confirm the diagnosis of AIDS. The Institute's Animal Care and Use Committee approved the study protocols, in accordance with international ethical and scientific standards and guidelines.
Vaccines. (i) DNA plasmids. Plasmids pc-synTat (HIV-1 IIIB ), pc-syngp120 (SHIV-1 89.6p ), and pc-synGag (SIV mac239 ) contain a codon-optimized gene, cloned under transcriptional control of the cytomegalovirus immediate-early promoter-enhancer unit in pcDNA 3.1 (Invitrogen). Protein expression is about four-to fivefold greater than that of the corresponding wild-type construct (R. Wagner, unpublished data).
(ii) Protein-ISCOM. ISCOM preparations for immunization were obtained as follows. Two hundred micrograms of ISCOM matrix (Isconova, Uppsala, Sweden) was mixed overnight at 4°C with either 25 g of HIV-1 89. 6 Env gp140 (produced in human 293T cells, containing gp120 and the gp41 ectodomain, and purified by lectin chromatography [University of Pennsylvania, Philadelphia]) or SIV mac239 Gag-Pol (49) in 250 l of phosphate-buffered saline (PBS). To maintain the biological activity of the Tat protein (HIV-1 IIIB ) (15) , Tat was first administered intramuscularly (i.m.), followed immediately by ISCOM matrix. Thus, an aliquot of 25 g of Tat protein in 200 l of physiological saline with 20% autologous serum was first administered with a syringe prerinsed with 20% autologous serum, followed by a 200-g/200-l ISCOM matrix injection through the same needle at the same site.
Chimeric SHIV 89.6p stock. SHIV 89.6p was constructed with SIV mac239 expressing the HIV-1 Env protein of an unusual macrophage-tropic primary isolate (HIV-1 89.6 ) (20) and the associated auxiliary genes tat, vpu, and rev as described previously (53) . After in vivo passage, SHIV 89.6p became pathogenic (35, 52) and dual-tropic, using both CXCR4 and CCR5 coreceptors for cell entry (14) . This virus stock was titrated in vivo and generously provided by N. L. Letvin (Beth Israel Hospital, Boston, Mass.). The final stock contained 3.2 ϫ 10 4 (10 4.5 ) 50% tissue culture infective doses/ml (10 8 RNA equivalents [eq]/ml) and in vivo was titrated to approximately 5 ϫ 10 4 50% monkey infective doses (MID 50 )/ml. Immunization and SHIV 89.6p challenge. Animals were immunized i.m. three times (weeks 0, 2, and 6) with DNA and then given three boosts (weeks 10, 14, and 24) with protein in ISCOM in accordance with the schedule depicted in Fig Two naive animals were added to the study as additional controls to rule out technical problems at the time of challenge.
Plasma virus load and detection of proviral DNA. The plasma virus load was determined with a quantitative competitive RNA reverse transcription-PCR assay with plasma from EDTA-treated blood samples (63) . The lower detection limit was 40 RNA eq/ml. For detection of proviral DNA in peripheral blood mononuclear cells (PBMC) and lymph node cells, DNA was purified by Triton X-100-proteinase K digestion, followed by ethanol precipitation. Nested PCR was performed for two regions of the chimeric SHIV genome by using SIV gag and HIV-1 env primers as described before (11 SIV gag and HIV-1 env PCR assay is 1 copy of proviral DNA per 1.5 ϫ 10 5 cell eq (43) . All assays were performed with samples at multiple time points.
T-cell counts. Quantitative changes in PBMC subsets were monitored by fluorescence-activated cell sorter analysis. Flow cytometry was performed on a FACsort with the CellQuest software (Becton Dickinson, Etten-Leur, The Netherlands), and 7,500 events in the lymphocyte gate were analyzed per monoclonal antibody mixture as previously described (43 , and Ig APC , respectively) were used as control antibodies. White blood cell counts were performed to allow calculation of the absolute number of circulating blood cell subsets.
Cellular immune responses. Freshly isolated PBMC from each monkey were assayed for HIV-1 Tat protein (15)-specific T-cell responses by a technique that has been previously reported (66) . PBMC from animals that received additional immunizations with HIV-1 gp120 and SIV Gag-Pol were also assayed for specific T-cell responses to HIV-1 gp120 W6.1D protein (ARP-648; Medical Research Council [MRC] AIDS Reagent Programme, Potters Bar, United Kingdom) and SIV mac239 Gag virus-like particles (49) . Evaluation of Th responses to 5 g of protein per ml was based on the enumeration of antigen-specific cytokine (IFN-␥, IL-2, and IL-4)-secreting cells performed by ELIspot assay with the Ucytech kit (Ucytech, Utrecht, The Netherlands). The negative control was medium alone, while the positive control was phorbol myristate acetate (50 ng/ml)-ionomycin (1 g/ml). The number of specific T cells was adjusted by subtracting the negative control values and was expressed as the number of cytokine-secreting cells per 10 6 PBMC. Since CD4 ϩ T-cell depletion abolished the protein-induced responses and not the peptide-induced responses (data not shown), we, in agreement with others (18, 36), considered protein-specific cytokine responses to be CD4 mediated and peptide-specific cytokine responses to be predominantly CD8 mediated.
Since early IFN-␥ release upon peptide stimulation is indicative of potential CD8 ϩ CTL responses (5, 36), we performed peptide-based ELIspot assays. Two weeks after the last immunization, the numbers of cells producing IFN-␥ in response to peptide stimulation were quantified. The cells were exposed to peptides ( To confirm peptide-specific IFN-␥ ELIspot responses prior to challenge, functional CTL activity after challenge was measured in all animals that controlled the virus load by performing classical 51 Cr release assays with peptide-pulsed autologous B cells as targets, as previously described (30, 43) . Pools of 20-mers with a 10-aa overlap of SIV mac251 Gag (MRC, ARP-714. and SHIV 89.6p Env (NIH, 4702-47025 and 4726-4749) or individual peptides of SIV mac251 Gag (10-mers with an 8-aa overlap, aa 246 to 265; LUMC, Leiden, The Netherlands) were used. CTL activity was tested at effector-to-target cell ratios ranging from 50 to 2.5. Percent specific lysis was calculated as (experimental lysis Ϫ spontaneous lysis)/maximal lysis Ϫ spontaneous lysis) ϫ 100. A CTL response was considered positive if more than 10% specific lysis of peptide-pulsed target cells was measured compared to that of controls (unpulsed targets).
Proliferative responses in PBMC samples taken during the immunization period were measured with concanavalin A (5 g/ml, positive mitogen control); 5 g of HIV-1 Tat protein, HIV-1 gp120 W6.1D protein, or SIV mac239 Gag viruslike particles (antigen-specific response) per ml; or medium alone (negative control, background). Proliferation was determined at the end of the culture period Humoral immune responses. Serum samples were tested for antibodies to the Tat HIV-1 IIIB (15) Env gp120 HIV-1 IIIB (MRC, EVA-607) or Gag P27 SIV mac251 (MRC, ARP-643) protein by enzyme-linked immunosorbent assay as previously described (15, 43) . The titers reported here represent the reciprocal of the serum dilution giving an optical density of more than the mean plus twice the standard deviation of the optical density of a control serum (uninfected rhesus monkey) at the same dilution.
To determine the neutralizing activity of the sera from immunized rhesus macaques, the "GHOST cell" assay was used (17, 65) . The infectivity and neutralization assays were performed as described previously (17) . The number of virus-infected cells was determined by measuring the green fluorescent protein signal with a FACScan flow cytometer with a scattergram of fluorescence versus forward scatter after setting the gates with uninfected cells. A total of 15,000 to 25,000 events were scored.
Statistical analysis. The best fit of the decrease in CD4 ϩ T-cell levels following infection was estimated with a nonlinear mixed-effects model in the statistical software program S-PLUS (51) . A four-parameter logistic function was used to estimate CD4 ϩ T-cell levels before and after infection (challenge). The statistical significance of the treatment effect was assessed by analysis of variance (ANOVA), while effects of treatment were estimated by treatment contrasts. Virus load reduction was analyzed with linear mixed-effects models in S-PLUS (51) . The fits of the models were compared by ANOVA. The best-fitting model was selected on the basis of maximum likelihood, and estimates of differences between groups were calculated on the basis of restricted maximum likelihood.
RESULTS
Vaccine-induced cellular immune responses. Control animals, which received empty DNA vector and ISCOM, did not show any Env-, Gag-, or Tat-specific cellular response at any time point. As shown in Fig. 2 , DNA priming in animals immunized with Tat-Env-Gag (group A) resulted predominantly in a Gag-specific Th1-type response characterized by Gagspecific IFN-␥ production. In one animal (EEG) of group A, Env-specific IFN-␥ production was also observed 2 weeks following the third DNA immunization. Priming with tat DNA did not result in detectable Tat-specific Th responses in either group A or group B (immunized with Tat alone) animals (Fig.  2) .
ISCOM-formulated subunit protein immunizations strongly boosted immune responses to all antigens. Interestingly, depending on the antigen, different Th profiles were observed. Tat-specific cytokine responses were stronger in animals immunized with Tat alone (Fig. 2, group B, right panel) compared to the responses in animals immunized with the TatEnv-Gag antigen combination (Fig. 2, group A, left panels) . In group A animals, Tat-specific responses were weak and were observed only in animals EEG and WJ8. Tat-specific immune responses in group B were Th2 like, with moderate IL-4 and IL-2 and no IFN-␥ production, but substantial Tat-specific proliferation (Fig. 2, right panel) . Only animal 95053 showed a reduced response in this group, developing very weak Tatspecific cellular responses.
Immunization with multiple antigens boosted a Th0-Th1-oriented immune response to the Gag protein. The low number of Gag-specific IFN-␥-producing cells primed by DNA immunization was markedly increased by protein boosts. Following boosts, also the number of IL-2-producing cells dramatically increased, while the increase in IL-4 production was somewhat smaller. Gag-specific proliferation was also boosted by protein immunizations. Gag-specific immune responses were very weak in group A animal Ri178, while in animal R300 very high numbers of Gag-specific IL-4-producing cells were induced following protein immunization. Interestingly, this particular animal also showed the highest number of Gagspecific IFN-␥-and IL-2-producing cells (Fig. 2, left panels) .
Immunization with multiple antigens in group A animals resulted in a Th2-oriented response to Env, with strong IL-4 production, good IL-2 production, and low or absent IFN-␥. Env-specific proliferation was only observed in one animal, VOL. 78, 2004 T
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EEG. This animal also showed marked Env-specific IFN-␥, IL-2, and IL-4 production (Fig. 2, left panels) . IFN-␥ peptide-based ELIspot assays were performed to assess potential CD8 ϩ CTL responses (5, 36) . Two weeks after the last immunization, peptide-specific IFN-␥ production in response to pools of peptides from SIV mac251 Gag, SHIV 89.6p Env (NIH, 4702-4725 and 4726-4749) and HIV-1 LAI Tat (MRC, EVA-779.1-8) was measured. Marked Gag peptidespecific IFN-␥ production was observed in animals EEG and R300 (Fig. 3) . These animals also developed the highest number of Gag protein-specific IFN-␥-producing cells (Fig. 2) . Env peptide-specific IFN-␥ responses were also observed in animals EEG and WJ8, but not in animal R300. Peptide-specific IFN-␥ production in monkey Ri178 was very low in response to all of the antigens tested. With this immunization schedule, Tat peptide-specific IFN-␥ production could not be detected in any of the group A animals or in animals immunized with Tat alone (group B). Antibody responses. In control animals, Tat, Env, or Gag antibody responses were not detected prior to challenge. In vaccinees, DNA priming did not result in detectable levels of Tat, Env, or Gag antibodies (Fig. 2, lower panels) . The initial protein boost resulted in moderate Tat antibody titers in the vaccinees from both groups, which were boosted by the second protein immunization (Fig. 2) . The third protein immunization did not boost the Tat antibody titers further, but levels were sustained. Env and Gag antibody responses were induced after the initial protein immunization in vaccinated animals, while the second and third protein immunizations continued to boost the Env and Gag antibody titers substantially, with the exception of monkey Ri178 from group A. Neutralizing antibody titers were below detection at the time of challenge in all animals. However, given that the Env antigen available for immunization was derived from the parental HIV-1 89.6 isolate and not the in vivo-modified SHIV 89.6p Env (22) , this result is not surprising.
Evaluation of vaccine efficacy. Group A animals, immunized with the Tat-Env-Gag antigen combination, showed a reduced virus RNA load following challenge. Statistical analysis showed that a model incorporating a vaccine effect fit the data significantly better than one with no vaccine effect (P ϭ 0.0142), indicating that vaccination influences the virus RNA load over time. The virus set point level (at 8 weeks postchallenge) in group A animals was estimated to be log 10 2.9, which was lower (P ϭ 0.0382, ANOVA) than the estimated set point level in control animals (log 10 4.1). Furthermore, in group A animals, the virus load declined from 8 weeks postchallenge onward, with a slope of Ϫ0.07 log 10 RNA eq/week, while the virus RNA load in control animals did not decline (slope of 0.01 log 10 RNA eq/week). One animal from group A (R300) was completely protected against virus infection (Fig. 4, top left panel) . Viral RNA was not detected at any time point tested after challenge. At 12 weeks after challenge, proviral DNA was detected in PBMC from all animals, except in those from protected monkey R300. Animal EEG from group A reduced its viral RNA load to undetectable levels 18 weeks after infection, while animal WJ8 did so after 22 weeks. Animal Ri178 was able to reduce its viral RNA load below the pathogenic threshold of 10 5 RNA copies/ml. After 62 weeks, the viral RNA load was also reduced to undetectable levels in this animal (data not shown). Group A animals showed significantly higher numbers of CD4 ϩ T cells (P ϭ 0.0009, ANOVA) after challenge compared to control animals (Fig. 4, top right  panel) . At 82 weeks after challenge (data not shown), all group A animals were still completely healthy, with normal CD4 ϩ T-cell counts, and controlled viral RNA to undetectable levels.
All group B animals, immunized with Tat alone, became infected after challenge. In contrast to that in group A, however, the virus RNA set point level at week 8 postchallenge in group B animals was not significantly different from the viral RNA set point level in control animals (log 10 4.6 versus log 10 4.1), although the virus load declined, with a slope of Ϫ0.05 log 10 RNA eq/week (Fig. 4, middle left panel) . CD4
ϩ T-cell levels declined dramatically 4 weeks after challenge, but this was not significantly different from the decline observed in control monkeys (P ϭ 0.82) (Fig. 4, middle right panel) . The decline was most marked in the CD4 ϩ CD62L ϩ CD45RA ϩ naive T-cell subset (data not shown). Eventually, 25 weeks after infection, animal R113 from group B was able to control viral replication, only for its RNA load to dramatically increase again at 30 weeks postchallenge. At the end of the study period (week 77, 45 weeks after infection), no signs of disease were detected in any of the group B animals, despite low CD4 ϩ T-cell counts.
FIG. 3. Peptide-specific IFN-␥ responses. The number of antigen-specific IFN-␥-secreting cells generated in immunized animals, indicative of potential CD8
ϩ CTL responses, as measured by ELIspot assay, 2 weeks after the last immunization. Peptide-specific (20-mers, 10-aa overlap) IFN-␥ production to pools of peptides (2 g of peptide per ml) from SIV mac251 Gag, SHIV 89.6p Env, and HIV-1 LAI Tat of each individual monkey per million PBMC is represented.
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Following challenge with 50 MID 50 (1:1,000 dilution) of the SHIV 89.6p stock, two challenge control monkeys became infected, with a peak virus load of approximately 10 6 RNA eq/ml at 2 weeks postinfection, indicating that this challenge dose was sufficient to infect naive rhesus monkeys (data not shown). Also, all four vector control animals became infected, with a peak virus load between 10 5 and 10 6 RNA eq/ml 2 to 4 weeks after challenge (Fig. 4, bottom left panel) . In three control animals (Ri126, R899, and 9226), the virus load remained high (slope of 0.01 log 10 RNA eq/week). Monkey Ri126 developed AIDS after 38 weeks, while the other two (R899 and 9226) remained symptom free until 45 weeks after infection despite persistently low CD4 ϩ T-cell counts (Fig. 4 , bottom right panel). One vector control (Ri009, Fig. 4 ) appeared to control the virus load at 20 weeks after infection and remained symptom free during the study period.
Correlation between vaccine-induced immune responses and protection. All group A animals were able to either completely reduce their viral RNA loads to undetectable levels (animals EEG, WJ8, and Ri178) or were protected from persistent infection (animal R300). All of the animals in this group developed potent vaccine-induced Th responses to Env and Gag before challenge, while their Tat-specific cellular immune responses were relatively weak. Env induced mainly a Th2-like response with moderate IL-4 and weak IL-2 responses but almost no IFN-␥. A Th1 profile in response to the Gag antigen was observed in three out of four animals. Gag-stimulated PBMC produced primarily IFN-␥ and IL-2, while IL-4 production was lower. Notably, the one immunized animal that resisted infection (R300) had developed an additional and marked Gag-specific IL-4 response prior to challenge. Of further relevance, at the time of challenge, this monkey had developed the most marked Gag-specific IFN-␥ response while being the only one to retain a strong Gag-specific IL-4 response.
Two weeks after challenge (week 34), all cellular immune responses were observed to dramatically decrease in each animal except monkey R300, in which Gag-specific IFN-␥, IL-2, and IL-4 production and proliferation were boosted after challenge. The immune responses developed in R300 correlated with prevention of viral RNA replication and establishment of proviral DNA (not detected in PBMC from this animal). Indeed, evidence of protection from infection in R300 was further substantiated by the absence of an anamnestic antibody response following challenge. Taken together, the virological and immunological data suggest that monkey R300 was protected from infection before virus replication and dissemination could take place. Indeed, in contrast to all of the other study animals, Tat-, Env-, and Gag-specific antibody responses gradually declined in this animal, while in all other monkeys, Env and Gag antibody levels initially increased 4 weeks after challenge and only then gradually declined in cases in which viremia was controlled and CD4 ϩ T-cell levels were maintained. Also in group A, animal EEG was able to reduce the virus load to undetectable levels by 18 weeks after challenge, while WJ8 was able to do so after 22 weeks. Env-specific cellular responses before challenge were stronger in animal EEG than were those in WJ8, while the Gag-specific responses before challenge were similar in the two animals. Following challenge, Gag-specific IFN-␥ production and proliferation and Env-and Gag-specific antibody responses were stronger in EEG than were those in WJ8. Thus, strong CD4
ϩ Th responses to multiple antigens correlated with control and reduction of the virus load. In this group, the animal that developed a very slow virus load reduction (Ri178) 62 weeks after challenge also showed relatively weaker Tat-, Env-, and Gagspecific Th cytokine responses, as well as antigen-specific proliferation before and after challenge.
Animals that initially showed viremia but were able to reduce their virus loads (EEG, WJ8, and Ri178) also developed CTL responses to Gag and/or Env after challenge, as was demonstrated by the classical and functional 51 Cr release assay (Table 1) . Also, in control monkey Ri009, which reduced its virus load after infection, Gag-specific CTL were detected. This animal showed CTL responses to the Gag epitope QNPIPVGNIY (data not shown), which was previously described (2, 46) . Group B animals showed Tat-specific IL-2 and IL-4 responses, proliferation, and antibody titers before challenge. However, these immune responses were not sufficient to prevent infection, reduce the virus load, or sustain CD4 ϩ Tcell counts. Interestingly, after challenge, Tat-specific immune responses were not boosted, likely owing to the marked loss of CD4 ϩ T cells and an impaired ability to muster recall responses. Env-and Gag-specific cellular immune responses were slow to develop and remained very weak in these animals (data not shown).
DISCUSSION
This study revealed the complexity of different Th cytokine responses to individual antigens in a multiantigen-based HIV-1 vaccine. Each individual antigen induced a different characteristic cytokine profile, and when one antigen (Tat) was combined with Env and Gag, the magnitude of the response was reduced considerably. Furthermore, the nature of the route and delivery (adjuvant and vector) had an impact on the ultimate immune response. In this context, the characteristics of both the prime and boost are important to consider. Following DNA immunization, a typical Th1-like response was induced, as has been described before (31, 67) . Only Gag-specific IFN-␥ responses were measured following DNA priming, while antibody responses could not be detected. The conclusion that DNA immunization induces mainly a Th1 type of response is further supported by reports from numerous groups indicating that DNA immunization elicits CTL responses in nonhuman primates (7, 9, 55) . Subunit protein in classical alum adjuvant has been reported to result in mainly a Th2-biased response, while we have reported that protein in ISCOM induced both Th1 and Th2 types of immune responses (29, 67) . Also in this study, we were able to show that boosting with protein formulated with ISCOM resulted in strong antibody and cellular responses, characterized by IFN-␥, IL-2, and IL-4 secretion by antigen-specific cells.
Here we report that the nature of the Th responses induced by immunization of naive animals is in part dependent on the nature of the antigen itself. Immunization with Tat or Env induced mainly a Th2 type of response, with marked IL-4 and IL-2 responses but low or absent IFN-␥. Immunization with Gag induced a Th1 type of profile with marked IFN-␥ and IL-2 responses and lower IL-4 production. This study further revealed that immunization with a combination of antigens reduced the magnitude of the Tat-specific immune response. Most probably, the Env and Gag antigens were more immunodominant in relation to the Tat antigen. However, competition at the level of antigen presentation, which can be a factor for immunodominance of certain epitopes over others (69) , is unlikely since immunization with the different antigens was performed at different sites.
In those animals that became viremic, protection from disease progression (reduction of virus load and protection from CD4 ϩ T-cell loss) correlated with marked Env and Gag Th1 and Th2 responses before challenge and CTL responses after challenge. These findings are in agreement with the hypothesis that preexisting CD4
ϩ Th responses facilitated the recruitment and rapid expansion of potent CD8 ϩ effector CTL responses (33). In HIV-infected individuals, in whom the number of (42) .
In animals EEG and WJ8, in which Gag-specific IFN-␥ production increased again after challenge (after a strong initial drop), Gag-specific CTL responses were detected. In addition, animal WJ8 also showed Env-specific CTL (Table 1) . It is of note that in animal WJ8, the virus load dropped to undetectable levels more rapidly than in animal EEG, confirming our initial hypothesis that responses to multiple antigens induce better protection. This is in agreement with several other studies showing protection after vaccination with a combination of SHIV antigens (3, 40, 68) . This is further supported by the observations in group A animal Ri178, which developed the poorest immune responses before (and after) challenge and also had the slowest RNA virus load reduction of any animal in its group. Eventually, virus RNA levels declined to undetectable levels at 62 weeks after challenge, when CTL responses to Gag and Env could be detected (Table 1 ). In naive control animal Ri009, the virus load reduction correlated with strong IFN-␥ and CTL response to a Gag epitope (QNPIPVGNIY) after challenge (Table 1) .
Animal R300 was completely protected from plasma viremia. Proviral DNA could not be detected in PBMC from this animal, indicating that protection from infection was achieved. It is possible that the highly stimulated immune system at the time of challenge of R300 eliminated virus or virus-infected cells before the virus replicated to sufficient levels to be disseminated systemically. We do feel that monkey R300 had a limited infection following challenge, as evidenced by the rapid boosting of Env-and Gag-specific cell-mediated immune responses directly after exposure of this animal to virus (Fig. 2) . Since there was no detectable SHIV replication in animal R300, there was no possibility of antigenic boosting so that further increases in antibody and Th responses were not expected, resulting in a gradual decline in these responses following challenge. Functional CTL responses to Gag and Env (measured with the classical 51 Cr release assay at 8, 21, and 31 weeks after challenge; Table 1 ) could not be detected in this animal, in contrast to those that became infected. It remains to be determined whether functional SHIV-specific CTL effector responses were fully mature following immunization and present in sufficient numbers at the time of challenge to be responsible for directly eliminating virus-producing cells. Importantly, this animal did develop Gag peptide-specific IFN-␥-producing T cells before challenge (Fig. 3) , indicating the presence of potential CD8 ϩ CTL responses (36). In addition to cellular immune responses, neutralizing antibodies can protect from virus infection and disease progression (10, 13, 24, 62) , even in the absence of CD8 ϩ T cells (19) . Although anti-Env and -Gag antibody titers were high in animal R300 at the time of challenge and a very high IL-4 production level was also observed in this animal, SHIV 89.6p neutralizing antibodies could not be detected with the assay we used. Although it has been reported that SHIV 89.6p has become a purely CXCR4-tropic virus following sequential in vivo passage (23, 70) , other data indicate that SHIV 89.6p also maintains the use of CCR5 as a coreceptor for cell entry (14) . Also, in our neutralization assay, SHIV 89.6p infected the same numbers of CXCR4-expressing and CCR5-expressing GHOST cells. This suggests that our assay is suitable for measuring SHIV 89.6p neutralizing antibodies. Indeed, potent Th1-like, as well as Th2-like, responses to Tat, Env, and Gag were generated, but the quality of the effector response, especially neutralizing antibodies, is dependent on the nature of the antigen. It is possible that the Env antigen from the parental HIV-1 89.6 strain was incapable of inducing neutralizing antibodies to SHIV 89.6p because of substantial differences in the Env antigen of SHIV (37), further underscoring the difficulty of inducing cross-reactive neutralizing antibodies.
In summary, this study revealed that immunization with a Tat-Env-Gag antigen combination resulted in strong and diverse Th immunity, facilitating CTL responses, containment of the virus load, maintenance of CD4 ϩ T-cell levels, and protection from progression to AIDS. Immunization with only the Tat antigen did not elicit protective responses. Despite the strong induced anti-Tat responses observed in this study, protection from disease progression could not be induced by immunization with Tat only. This is in contrast to earlier findings obtained with cynomolgus monkeys, in which control of viral infection was observed after Tat protein (15) or CpG-rich tat DNA vaccination alone (16) . We emphasize caution in attempting to focus the immune system toward only one viral antigen, as it has been described that Tat-specific CTL select for SIV escape variants in SIV-infected macaques (2) . Furthermore, although immunization with SIV Gag as a single immunogen was sufficient to protect macaques from disease progression after SHIV 89.6p challenge (58), viral escape from Gag-specific CTL has been described in a vaccinated rhesus monkey previously capable of controlling viral replication (8) .
We conclude that strong Th responses to multiple antigens are beneficial in facilitating effector responses such as CTL responses and/or neutralizing antibodies capable of effectively controlling or ultimately preventing HIV-1 infection (44) . An effective HIV-1 vaccine candidate should not only contain a combination of immune targets distributed over both regulatory and structural viral antigens, but ideally they should elicit a diverse array of immune effector mechanisms to most effectively limit and even prevent virus replication.
